Introduction
A central question in neurolinguistics is how semantic concepts -the generalizable knowledge of entities, people and events -are represented in the brain. Imaging studies in healthy subjects have identified broad networks involved in lexical and semantic processing, including the angular gyrus, the lateral and ventral temporal gyri, and the left inferior frontal gyrus (Binder, Desai, Graves, & Conant, 2009; Binney, Embleton, Jefferies, Parker, & Ralph, 2010; Davis & Gaskell, 2009; Price, 2010) . Evidence suggests that semantic concepts are represented in a distributed manner, with modality-specific sensory-motor cortices, heteromodal association areas, and frontal regions being recruited partially based on modality-specific knowledge associated with the corresponding concept (Binder & Desai, 2011; Martin & Chao, 2001; Saffran, 2000) . Thus, many studies have shown that different semantic and lexical categories -such as living vs. manufactured, or nouns vs. verbs -are supported, in part, by different combinations of these brain regions (Binder et al., 2009; Chao, Haxby, & Martin, 1999; Grossman et al., 2013; Luzzatti et al., 2002) . One such important categorical distinction is the representation of abstract and concrete nouns. Concrete nouns typically refer to entities that are tangible and exist in the real world, and thus have perceptible features, such as appearance, feel, or sound. These sensory features are thought to be crucial for concrete noun representations, and grounded cognition and dual coding theories propose that sensory feature knowledge -predominantly of visual features -support concrete concept processing (Paivio, 1991) . Thus, activation of associated sensory knowledge during concrete word comprehension recruits corresponding visual and other sensory association cortices (Barsalou, 2008; Binder & Desai, 2011; Martin, 2007) . Indeed, the importance of visual feature knowledge distinguishes concrete from abstract nouns, and the dual coding theory proposes that concrete concepts have both linguistic-and sensory-based representations, while abstract concepts have only linguisticallybased representations. In support of the view that concrete nouns are supported by visual features, imaging studies in controls have shown that the visual association cortex, including the left inferior temporal lobe and the left parahippocampal gyrus, are implicated in the processing of concrete compared to abstract nouns (Bonner, Price, Peelle, & Grossman, 2015; Sabsevitz, Medler, Seidenberg, & Binder, 2005; Wang, Conder, Blitzer, & Shinkareva, 2010) .
In contrast, abstract nouns have minimal physical or tangible qualities, and they primarily refer to entities that exist within language and thought. Whereas sensory information is thought to be more important for processing concrete concepts, the contextual and linguistic information that surrounds a word is thought to be essential for acquiring and processing abstract words (Della Rosa, Catricalà, Vigliocco, & Cappa, 2010) . Because they do not have tangible referents, the meanings associated with abstract nouns are more varied and less literal (Johnson & Lakoff, 1980; Lakoff & Johnson, 1999) , and abstract nouns have been shown to appear in a more diverse set of contexts (Hoffman, Ralph, & Rogers, 2013) . Thus, the contextual availability hypothesis proposes that abstract concepts have increased contextual ambiguity compared to concrete concepts (Schwanenflugel, Harnishfeger, & Stowe, 1988; Schwanenflugel & Shoben, 1983; van Hell & De Groot, 1998) . Abstract noun processing may thus require executive functioning systems for semantic selection and contextual integration, supported in part by portions of the frontal lobe (Hoffman, Jefferies, & Ralph, 2010) . For example, when hearing the statement, ''I didn't mean to offend, that's just my way", the polysemous quality of a noun like ''way" requires semantic selection; to best understand this statement, the interpretation of ''way" as ''manner or characteristic" should be selected, and competing alternatives, such as ''path or direction", should be inhibited. A likely anatomical candidate for this role of semantic control and selection in abstract noun comprehension is the left inferior frontal gyrus (Moss et al., 2005; Thompson-Schill, D'Esposito, Aguirre, & Farah, 1997) , and functional imaging studies have shown that abstract word processing activates the inferior frontal gyrus more so than concrete word processing (Hoffman, Binney, & Ralph, 2015; Wang et al., 2010) .
In a previous study, we examined the role of temporal and frontal regions in concrete and abstract noun comprehension using a two-alternative, forced-choice similarity task (Cousins, York, Bauer, & Grossman, 2016) . Comprehension was tested in patients with semantic variant Primary Progressive Aphasia (svPPA) and behavioral variant Frontotemporal Degeneration (bvFTD), syndromes which correspond to focal regions of cortical atrophy hypothesized to be important in concrete and abstract noun processing: the ventral temporal lobes and the inferior frontal gyrus, respectively. Our findings supported a combination of grounded cognition and contextual availability theories, and demonstrated that partially dissociable substrates support the comprehension of concrete and abstract nouns, discussed below.
Impairment of concrete noun comprehension in svPPA
Also known as Semantic Dementia, svPPA is characterized by the progressive loss of verbal and non-verbal semantic memory (i.e. single word and object comprehension). Patients with svPPA present with impaired confrontation naming and lexical retrieval (Amici et al., 2007; Hodges & Patterson, 2007; Mesulam, Grossman, Hillis, Kertesz, & Weintraub, 2003) , and some can also present with mild behavioral changes (Hodges & Patterson, 2007) . Degeneration in svPPA tends to be most severe in the left anterior and ventral temporal lobes (Acosta-Cabronero et al., 2011; Mion et al., 2010; Rogalski et al., 2011) . In our previous study, patients with svPPA had differentially worse knowledge for concrete nouns compared to abstract. This selective impairment in svPPA has been previously observed by several groups: while not seen by all (Hoffman, Jones, & Ralph, 2013; Jefferies, Patterson, Jones, & Lambon Ralph, 2009 ), many studies have reported differentially worse comprehension for concrete words in svPPA (Breedin, Saffran, & Coslett, 1994; Macoir, 2009) , and have implicated the anterior and ventral temporal lobes in concrete word processing (Bonner et al., 2009; Bonner et al., 2015) . Similarly, we found that poor concrete noun comprehension in svPPA related to atrophy of the left anterior temporal lobe, including the left inferior temporal gyrus. The inferior temporal gyrus is part of the visual processing stream and has been shown to be involved in visual object processing (Chao et al., 1999; Martin, Haxby, Lalonde, Wiggs, & Ungerleider, 1995; Miyashita, 1993) . These findings are in agreement with the dual coding and grounded cognition perspectives that the representations of concrete nouns are supported by visual features, and that degradation of the visual association cortex in svPPA impairs concrete noun knowledge.
Impairment of abstract noun comprehension in bvFTD
Patients with bvFTD present with progressive behavioral or personality changes such as disinhibition, poor judgment, increased apathy, and loss of empathy (Piguet, Hornberger, Mioshi, & Hodges, 2011; Rascovsky et al., 2011; Wittenberg et al., 2008) . The disease is associated with profound frontal lobe atrophy, including the orbitobasal and dorsolateral cortices and the anterior cingulate, as well as some modest atrophy to the anterior temporal lobe, which is commonly more prominent on the right than the left. In our previous study, we found that bvFTD patients are differentially worse at comprehending abstract compared to concrete nouns. This was a novel finding, since bvFTD is not typically associated with semantic deficits. This may be because traditional evaluations of semantic knowledge often have a highly concrete picture stimulus set (e.g. Boston Naming Test, Kaplan, Goodglass, & Weintraub, 2001 ; Pyramids and Palm trees, Howard & Patterson, 1992) and are thus not sensitive to the deficit for abstract concepts that we observed in bvFTD. In addition, we found that poor abstract noun knowledge related to atrophy in the inferior frontal gyrus, a region shown to be important in semantic control and selection (Moss et al., 2005; Thompson-Schill et al., 1997) . These results support the assertion by the contextual availability hypothesis that executive functioning and semantic selection processes in the frontal lobe are important to abstract noun processing.
These findings in svPPA and bvFTD suggest that the grounded cognition, dual coding, and context availability perspectives, while incomplete on their own, together offer some understanding of how temporal and frontal regions can differentially support the comprehension of concrete and abstract nouns. In the present study we investigate whether atrophy to these temporal and frontal regions in svPPA and bvFTD also impairs the ability to produce concrete and abstract nouns, respectively.
Noun comprehension vs. production
While we and others (Hoffman et al., 2015; Sabsevitz et al., 2005) have found that partially dissociable regions underlie abstract and concrete noun comprehension, we do not necessarily assume that these same regions also support connected speech production for abstract and concrete nouns. The classic Broca-Wer nicke-Lichtheim-Geschwind model of language processing proposes separate pathways for language comprehension and production, with Broca's area being the anatomic center of language production and Wernicke's area being essential to comprehension (Geschwind, 1970; Poeppel, Emmorey, Hickok, & Pylkkänen, 2012) . Updated models suggest that, while comprehension and production operations are distinct, there may be portions of these lexical processing networks that are common to both comprehension and production (Indefrey, 2011; Price, 2010 Price, , 2012 Shalom & Poeppel, 2007) . Thus, structures involved in the comprehension of concrete and abstract nouns might also be recruited to support retrieval during production.
This study aims to expand our previous work and examine the underlying structures and processes that support retrieval of abstract and concrete nouns during connected speech. To elicit semi-structured speech samples, svPPA and bvFTD patients participated in the Cookie Theft picture description task (Goodglass & Kaplan, 1983) . By using the Cookie Theft picture, we were able to prompt connected speech concerning a known target, which was more natural than confrontation naming of a picture, while also modestly constraining the concreteness of the content and its complexity. This enabled comparisons of performance across patient groups while still requiring self-directed lexical retrieval. If there is some overlap between brain regions supporting the comprehension of concrete and abstract nouns and the regions supporting their production, then we expect patients with svPPA to produce nouns that are less concrete, and for this decreased concreteness to be related to visual association cortex, such as left anterior and ventral temporal regions. Similarly, we expect that bvFTD patients will produce less abstract nouns during the picture description task and that this decreased abstractness will be related to regions implicated in semantic selection and control, such as the inferior frontal gyrus.
Materials and methods

Subjects
Forty-two bvFTD and 20 svPPA patients participated in the current study. Subjects were native English speakers and diagnoses were made by consensus based on criteria outlined by Rascovsky et al. (2011) and Gorno-Tempini et al. (2011) , and independently from the neuropsychological features reported below. Typical of the svPPA spectrum, 15 cases had mild behavioral symptoms that presented following their difficulties with word comprehension and retrieval (Hodges & Patterson, 2007) . None of the bvFTD cases were found to have semantic deficits (i.e. single-word and object knowledge loss) on bed-side clinical examination. We further evaluated patient groups' performance on standard language and neuropsychological assessments. All patients were evaluated on global cognition, as measured by the Mini Mental State Examination (MMSE), and subsets participated in supplementary tasks to evaluate semantic knowledge and executive functioning. Semantic knowledge was assessed using the Boston Naming Test (Howard & Patterson, 1992) Pyramids and Palm Trees Test (Kaplan et al., 2001 ) and Animal and Tool Fluency (Lezak, Howieson, & Loring, 1983) . Executive functioning and control were assessed using the digit-symbol substitution test (Libon et al., 2011) and the Philadelphia Brief Assessment of Cognition (PBAC) disinhibition severity measure (McLeod, Griffiths, Bigelow, & Yingling, 1982) . Performance was compared to 32 controls. Table 1 lists the demographic information for all groups. Patient groups were matched for age, education, disease duration, and gender distribution (all p > 0.05). Control patients were matched for education and gender distribution, but were significantly older. However age within and across groups did not correlate with any of the neuropsychological or linguistic measures, or concreteness of nouns produced (see below).
Cookie theft procedure and analysis
Subjects were asked to verbally describe the Cookie Theft picture (Goodglass & Kaplan, 1983) and descriptions were digitally recorded, transcribed and coded. The total number of words produced and the number of nouns produced was tallied for each subject. Words were identified as nouns based on dominant form (Brysbaert, New, & Keuleers, 2012) and sentential context, and the number of nouns per 100 words was calculated. Repeated words and dysfluencies were not included. Nouns were rated for concreteness/abstractness on a scale from 1 to 5 using published norms, with 1 being the least concrete/most abstract and 5 being the most concrete/least abstract (Brysbaert, Warriner, & Kuperman, 2014) . Nouns were also rated on frequency of occurrence (Brysbaert et al., 2012) and semantic diversity . Ratings were not available for a small number of nouns produced (e.g. Mary Janes, countertop, the fifties, flats), and colloquialisms were also not rated (e.g. boo-boos). Thus 13 nouns were not rated: 9 nouns for controls, 4 nouns for bvFTD patients, and 0 nouns for svPPA. The number of unrated nouns was not significantly different between groups (chi-square: p > 0.05). To compare the performance of svPPA and bvFTD patients, z-scores were calculated for all measures relative to control subject performance. We further calculated how traditional measures of semantic knowledge related to the concreteness of nouns produced for both patient groups using the Pyramids and Palm Trees Test (Howard & Patterson, 1992) , Boston Naming Test (Kaplan et al., 2001) , and Animal and Tool Fluency (Lezak et al., 1983) . A composite semantic score was obtained by calculating z-scores and averaging performance across all measures.
Imaging methods
Twenty-nine of the bvFTD patients and 14 of the svPPA patients agreed to undergo magnetic resonance imaging (MRI). Subjects were right-handed, except for 2 left-handed bvFTD patients, and 1 left-handed and 2 ambidextrous svPPA patients. These patient subgroups were not significantly different from the full patient groups on either Cookie Theft performance or on neuropsychological evaluations (all p-values > 0.1). T1-weighted threedimensional spoiled gradient-echo images were collected on a Siemens 3.0T Trio scanner using an 8-channel head coil with repetition time = 1620 ms, echo time = 3 ms, flip angle = 15°, matrix = 192 Â 256, slice thickness = 1 mm, and in-plane resolution = 0.9 Â 0.9 mm. Images were acquired within an average of 96 days of the task (SD = 107). T1 images were also collected on an independent group of 18 healthy seniors, who were age-and education-matched to both patient groups.
Images were normalized to a standard space and segmented using the PipeDream interface (http://sourceforge.net/projects/ neuropipedream/) and the Advanced Normalization Tools kit (http://www.picsl.upenn.edu/ANTS/). See Tustison et al. (2014) for additional details. Grey matter probability (GMP) images were calculated, transformed into Montreal Neurological Institute (MNI) space, down-sampled to 2 mm 3 resolution, and smoothed using a 2-mm full-width half-maximum (FWHM) Gaussian kernel. The preprocessed images were unadjusted and were compared and analyzed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/ spm8). To outline regions of atrophy in bvFTD and svPPA, we compared patient GMP to controls using a two-sample t-test with a threshold of p < 0.05 (controlled for multiple comparisons with family-wise error), and a minimum cluster size of 50 voxels. To examine how atrophy affected the ability to produce concrete nouns in svPPA and abstract nouns in bvFTD, we related grey matter atrophy for each patient group to the average concreteness rating of nouns produced. To do so, we performed voxelwise multiple regressions constrained to regions of grey matter atrophy for both patient groups, using a height threshold of p < 0.02 (uncorrected) and a minimum cluster size of 50 voxels.
Results
Neuropsychological evaluations demonstrated different patterns of impairment for bvFTD and svPPA patients ( Table 2 ). While bvFTD and svPPA patients were similarly impaired on global cognition (MMSE: p > 0.1), svPPA patients were significantly more impaired on measures of semantic knowledge than bvFTD patients, as assessed by the Boston Naming Test (t(33) = 7.61, p < 0.001), Pyramids and Palm Trees Test (t(25) = 2.08, p < 0.05), Animal (t (36) = 3.14, p < 0.001) and Tool (t(34) = 3.39, p < 0.01) Fluency, as well as the composite semantic score (t(39) = 5.01, p < 0.001). Conversely, bvFTD patients were significantly more impaired on measures of executive functioning, as assessed by the digit-symbol substitution test (t(16) = 2.27, p < 0.05) and PBAC disinhibition severity (t(46) = 2.20, p < 0.05).
Cookie theft behavioral results
The total number of words and nouns produced during the Cookie Theft picture description task was tallied for each group (Table 3 ). Both svPPA and bvFTD patients produced significantly shorter descriptions than controls (t(50) = 2.89, p < 0.01; t(72) = 4.26, p < 0.001). To compare patient groups, we converted patient performance to z-scores relative to control performance. Betweengroup comparisons revealed that svPPA and bvFTD patients were not significantly different from each other, neither in the length of their descriptions nor in the number of nouns per 100 words produced (Table 3) .
We next scored the concreteness of all nouns produced using ratings published by Brysbaert et al. (2014) . Subjects produced nouns across the concreteness spectrum (Control: min = 1.66, max = 5; svPPA: min = 1.61, max = 5; bvFTD min = 1.61, max = 5), though all groups were most likely to produce very concrete nouns when describing the scene (mode = 5). When comparing patients (Table 4 ; Fig. 1 ), we found that svPPA patients tended to produce nouns that were more abstract and bvFTD patients tended to produce nouns that were more concrete, and that these were significantly different from each other (t(60) = 3.96, p < 0.001). Furthermore, concreteness of nouns was positively correlated with semantic knowledge scores for svPPA patients, and was negatively correlated with semantic knowledge scores for bvFTD patients (Table 4) . In other words, svPPA patients who were more impaired on traditional measures of semantic knowledge produced less concrete speech, while bvFTD patients who were more impaired on independent measures of semantic knowledge produced less abstract speech. In addition, nouns produced by bvFTD patients had significantly lower semantic diversity and frequency ratings than those produced by svPPA patients (Semantic Diversity: t (60) = 2.26, p < 0.05; Frequency: t(60) = 3.78, p < 0.001).
Imaging results
We calculated GMP and compared patients to age-and education-matched controls to determine regions of atrophy for svPPA and bvFTD groups (Figs. 2 and 3 ). Analyses revealed that svPPA patients have significant grey matter atrophy in the left anterior inferior temporal gyrus, left fusiform gyrus, and right inferior temporal gyrus (Table 5 ). By comparison, bvFTD patients had broad bilateral atrophy in frontal lobe regions, which also extended into temporal lobes. Areas of significant grey matter atrophy in bvFTD include the middle and inferior frontal gyri, the orbitofrontal cortex, and the superior temporal gyri (Table 6 ). These findings are consistent with previously published structural imaging studies of bvFTD and svPPA (Hodges & Patterson, 2007; Pereira et al., 2009; Rascovsky et al., 2011) and thus help confirm our diagnostic accuracy of these focal cortical syndromes. Finally, we sought to identify the neuroanatomy involved in the production of concrete and abstract nouns in svPPA and bvFTD, and to assess if these processing regions were shared or were partially distinct. To determine how atrophy in svPPA and bvFTD patients affected the production of concrete and abstract nouns, a regression analysis related GMP to noun concreteness (Figs. 2 and 3) . Decreased concreteness in svPPA was related to grey matter atrophy of the left parahippocampal gyrus and anterior portions of the left temporal lobe (Table 5) . No clusters were significant in regions of atrophy associated with bvFTD, which confirmed that decreased concreteness in svPPA was not associated with the frontal lobe. In bvFTD, the left inferior frontal gyrus, left superior frontal gyrus, left anterior cingulate, and bilateral caudate were implicated in decreased abstract noun production (Table 6) . No clusters were significant in regions of atrophy associated with svPPA, which confirmed that decreased abstractness in bvFTD was not associated with atrophy in the temporal lobe.
Discussion
Here we examined concrete and abstract noun production in svPPA and bvFTD patients during the Cookie Theft description task. While svPPA and bvFTD patients produced a statistically equivalent number of words and nouns, patients differed in the concreteness of their speech, with svPPA patients producing nouns that were less concrete and bvFTD patients producing nouns that were less abstract. This dissociation was related to the degree of impairment: svPPA patients with decreased semantic knowledge produced less concrete nouns, while bvFTD patients with decreased semantic knowledge produced less abstract nouns. Regression analyses revealed that atrophy of the left anterior inferior temporal gyrus and left parahippocampal gyrus in svPPA was related to decreased concreteness, while atrophy of the left inferior frontal gyrus and bilateral caudate in bvFTD was related to decreased abstractness.
The anatomical regions implicated here overlap with results from our previous study, which examined comprehension of concrete and abstract nouns in svPPA and bvFTD (Cousins et al., 2016) : GMP in the left inferior temporal gyrus and the left inferior frontal gyrus was related to the comprehension of concrete and abstract nouns, respectively. It must be noted that we do not conclude that concrete and abstract representations are entirely dissociated, nor that the regions revealed by our analyses are comprehensive of semantic processing. However, results do indicate that aspects of concrete and abstract noun processing are partially dissociable, and that the concreteness/abstractness of the stimuli can somewhat determine the extent to which these supporting regions are recruited. Below we discuss the significance of our results, the roles of the left ventral and inferior temporal cortices and left frontal areas in concrete and abstract noun processing, and our interpretations as they relate to speech production.
Speech production and concreteness
To examine the regions involved in the production of concrete and abstract nouns, we used the Cookie Theft picture as a semiconstraining stimulus probe. Speech samples produced by a less constraining probe, such as an Autobiographical Memory Interview (Kopelman, Wilson, & Baddeley, 1990) , can vary in complexity across individuals and the intended target is not equivalent across individuals or groups. By using the Cookie Theft picture, the intended target of the semistructured speech sample was kept consistent, and speech samples could be compared across patient groups. A limitation of a visual stimulus probe is that it elicits highly concrete speech. In this study, a majority of all nouns produced by all groups were very concrete, though speech samples Noun Concreteness (z-score) Fig. 1 . Average Noun Concreteness ratings for bvFTD and svPPA patients (z-scores). The average noun concreteness rating for bvFTD and svPPA patients is plotted, zscore converted. bvFTD patients produce nouns that are more concrete than elderly control patients (grey bar), while svPPA patients produce nouns that are more abstract (white bar).
from all groups also included moderately abstract nouns, and some very abstract nouns. It should also be noted that we did not eliminate misidentified nouns or substitution errors from our analysis. During description of the Cookie Theft picture, some svPPA patients produced a small number of concrete nouns that were not present in the scene. Such substitution errors are consistent with their disease, and these speech irregularities in svPPA have been previously observed (Meteyard & Patterson, 2009 ). This choice was conservative, as the most detectable errors are for highly concrete nouns. Thus, elimination of substitution errors from analyses would have made the average concreteness of speech in svPPA lower than it already was. Despite this conservative choice, we were still able to detect differences between our patient groups. In addition, we focused on the production of nouns, a choice which allows us to consider these results in relation to previous findings of concrete and abstract noun comprehension (Cousins et al., 2016; Sabsevitz et al., 2005) . While this limits the scope of this study, feature characteristics vary considerably between different parts of speech, and this can make direct comparisons difficult. In particular, verbs tend to be more frequent and more semantically diverse than nouns, and these features covary with concreteness (Brysbaert et al., 2012) . Most importantly, the perceived concreteness of a verb can change depending on the concreteness of the subject noun it is modifying, while the perceived concreteness of a noun is more stable (Scorolli et al., 2011) . In this study we focus on the differences in concreteness between nouns because the concreteness differences of verbs is harder to interpret -though previous studies have demonstrated that svPPA patients also tend to have more difficulty with concrete than abstract verbs (Bonner et al., 2009; Yi, Moore, & Grossman, 2007) . Understanding how concreteness interacts with parts of speech is an important avenue for future study.
The left ventral and inferior temporal cortices and concreteness
Our findings that svPPA patients produce less concrete and more frequent nouns are similar to those reported in a previous behavioral study by Bird, Ralph, Patterson, and Hodges (2000) , who also examined speech production during the Cookie Theft picture description in 3 semantic dementia patients. The authors observed that the svPPA patients produce less imageable but more frequent words than controls. They demonstrated that the lowest frequency nouns produced were also highly imageable and concluded that the tendency to produce low imageability words in svPPA patients is the consequence of poor knowledge for low frequency items. Another behavioral study examined speech samples from Autobiographical Memory Interviews in 7 svPPA patients (Hoffman, Meteyard, & Patterson, 2014) . Again, it was observed that svPPA patients tended to produce low imageability, high frequency words. However, this group suggested that impairments in svPPA cause a shift towards less specific, more generic vocabulary. Therefore they argued that semantic diversity, not word frequency, is the feature which best characterizes the speech patterns in svPPA.
We agree that disease in the temporal lobes in svPPA can result in a vocabulary composed of more semantically diverse and frequent words. However, our results do not indicate that these features fully explain the deficit we see for concrete nouns in svPPA; we show that diminished concrete noun production is related to reduced grey matter in the anterior inferior temporal and parahippocampal gyri. We therefore believe our findings suggest that degraded visual feature knowledge in svPPA plays an important role in the pattern to produce speech that is less concrete. Moreover, in the context of our assessment of bvFTD (see Section 4.3), we believe that the increased abstractness and semantic diversity of svPPA vocabulary are in part related to relatively preserved frontal lobe regions that support semantic selection. One limitation of this study is that our imaging analyses included a smaller number of svPPA patients compared to bvFTD patients: Although our cohorts are relatively large for these uncommon conditions, we were able to assess only 14 svPPA patients, compared to 29 bvFTD patients. The discrepancy in sample size reflects the fact that svPPA is a rare neurodegenerative disorder (Hodges & Patterson, 2007) . Because of this, our regression analyses used a slightly more lenient threshold (p < 0.02) so that we could accurately detect the significant association between grey matter atrophy in svPPA and decreased production of concrete nouns. Our findings here, which indicate a link between concrete noun processing and the ventral temporal lobe, are corroborated by previous studies in svPPA and control subjects. Converging evidence from fMRI, lesion and PET studies indicate that the inferior and ventral temporal lobes are important to visual feature and object processing (Carlson, Simmons, Kriegeskorte, & Slevc, 2014; Chao et al., 1999; Miyashita, 1993) . Ventral temporal regions are part of the visual processing stream, where visual input is progressively transformed and increasingly conceptualized as it travels anteriorly towards the temporal pole (Bonner & Price, 2013; Visser, Jefferies, Embleton, & Ralph, 2012) . Specifically, the left parahippocampal gyrus has been shown to be involved during semantic processing (Binney et al., 2010) , and has been demonstrated to have a clear role during processing of visual feature knowledge associated with concrete nouns (Bonner et al., 2015; Sabsevitz et al., 2005; Wang et al., 2010) .
The frontal lobes and abstractness
We are not aware of other studies which have examined abstract noun production in bvFTD patients. Compared to the temporal lobe predominant svPPA, bvFTD patients demonstrate relatively preserved comprehension and production on classic language measures. However, some studies have observed mild deficits on language measures and sentence comprehension in bvFTD patients which may relate to their executive functioning deficits (Ash et al., 2006; Cooke et al., 2003; Gunawardena et al., 2010) . In this study, we found that bvFTD patients show reduced abstract noun production. This is a novel finding, since bvFTD patients are typically characterized as having preserved semantic memory. Indeed, in this study bvFTD patients performed significantly better on all measures of semantic knowledge than svPPA patients. However, these traditional assessments of semantic memory -such as the Boston Naming Test -often focus on confrontation naming or comprehension with picture stimuli that elicit highly imageable words. Because of the concrete nature of the stimuli used, these measures may not be sensitive to the deficit for abstract noun processing that we observed. Thus, our methods using a semi-structured speech sample provide higher sensitivity to detect these changes.
Our results show that bvFTD patients had extensive frontal lobe atrophy and that decreased abstract noun production in bvFTD is related to the left inferior frontal gyrus, dorsolateral prefrontal cortex, anterior cingulate, and bilateral caudate. While canonical semantic regions are located in the temporal and parietal lobes, frontal regions have been consistently implicated during semantic tasks which require selection or control. The left inferior frontal gyrus is part of so-called Broca's area and was originally suggested to be the center of language production (Broca, 1865; Geschwind, 1970) . However, it a heterogeneous region which has been shown to support a variety of language processes, including phonemic, syntactic, and semantic processing (Brodmann, 1994; Shalom & Poeppel, 2007) . Evidence suggests that the left inferior frontal gyrus plays a role in controlled retrieval of semantic information (Fiez, 1997) , selection among competing semantic alternatives (Moss et al., 2005; Thompson-Schill et al., 1997) and contextual information processing (Hoffman et al., 2015) . We hypothesize that these selection and integration processes are particularly important for abstract noun processing; the polysemous and contextually diverse characteristics of abstract nouns may require executive functions to select the correct word or meaning from a set of competing alternatives. While it could be argued that the left inferior frontal gyrus was implicated because of its role in speech production, we found that only abstract noun production was related to the left inferior frontal gyrus, and not concrete noun production. Our previous study also found that the inferior frontal gyrus was related to abstract noun comprehension (Cousins et al., 2016) . In addition, other regions important for executive functioning and control were implicated in our analyses, and we found that decreased GMP in the left anterior cingulate and left dorsolateral prefrontal cortex was related to decreased abstract noun production in bvFTD (Barch et al., 1997; Botvinick, Braver, Barch, Carter, & Cohen, 2001; Braver, Barch, Gray, Molfese, & Snyder, 2001) . Therefore, these results suggest that frontal regions support the production of abstract nouns, and that this may be due to the semantic and contextual ambiguity of abstract nouns, which increase demands on executive control and semantic selection.
In addition to left frontal cortical regions, decreased GMP of the bilateral caudate was also related to decreased abstract noun production. While the role of the caudate during semantic processing is still being studied, there is evidence that the basal ganglia are important to language selection processes. Studies of language and semantic processing in polyglots have demonstrated involvement of the basal ganglia during tasks which require language switching (Crinion et al., 2006; Klein, Milner, Zatorre, Meyer, & Evans, 1995; Price, Green, & Von Studnitz, 1999) . It has been hypothesized that the basal ganglia are necessary for recruitment of cortical regions involved in linguistic selection and control (Friederici, 2006) . It may be that atrophy in the caudate limits recruitment of frontal regions involved in semantic selection processes during abstract noun processing.
Conclusions
In this study, the production of abstract and concrete nouns in svPPA and bvFTD patients was assessed using semistructured speech samples elicited from an oral description of the Cookie Theft picture. Behavioral findings demonstrated that svPPA patients' speech was less concrete and that bvFTD patients' speech was less abstract. Regression analyses in these patient groups identified neural regions that are critical for effective abstract and concrete noun production. We found that decreased concrete noun production in svPPA is related to atrophy in the visual association cortex, including the left anterior and ventral temporal lobes. This relationship suggests that visual feature representations are important to supporting concrete noun production, as proposed by the grounded cognition perspective. Yet, in line with the context availability hypothesis, we found that decreased abstract noun production in bvFTD is related to atrophy in the left inferior frontal gyrus and other frontal regions, suggesting that the production of abstract nouns depends in part on semantic selection and control. Taken together, our findings indicate that partially dissociable neuroanatomical regions underlie the production of concrete and abstract nouns, and they support a model of lexical representation which integrates premises from both grounded cognition and context availability perspectives.
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